Solberg Woods LC, Stelloh C, Regner KR, Schwabe T, Eisenhauer J, Garrett MR. Heterogeneous stock rats: a new model to study the genetics of renal phenotypes. Am J Physiol Renal Physiol 298: F1484-F1491, 2010. First published March 10, 2010 doi:10.1152/ajprenal.00002.2010.-Chronic kidney disease is a growing medical concern, with an estimated 25.6 million people in the United States exhibiting some degree of kidney injury and/or decline in kidney function. Animal models provide great insight into the study of the genetics of complex diseases. In particular, heterogeneous stock (HS) rats represent a unique genetic resource enabling rapid fine-mapping of complex traits. However, they have not been explored as a model to study renal phenotypes. To evaluate the usefulness of HS rats in the genetics of renal traits, a time course evaluation (weeks 8 -40) was performed for several renal phenotypes. As expected, a large degree of variation was seen for most renal traits. By week 24, three (of 40) rats exhibited marked proteinuria that increased gradually until week 40 and ranged from 33.7 to 80.2 mg/24 h. Detailed histological analysis confirmed renal damage in these rats. In addition, several rats consistently exhibited significant hematuria (5/41). Interestingly, these rats were not the same rats that exhibited proteinuria, indicating that susceptibility to different types of kidney injury is likely segregating within the HS population. One HS rat exhibited unilateral renal agenesis (URA), which was accompanied by a significant degree of proteinuria and glomerular and tubulointerstitial injury. The parents of this HS rat were identified and bred further. Additional offspring of this pair were observed to exhibit URA at frequency between 40% and 60%. In summary, these novel data demonstrate that HS rats exhibit variation in proteinuria and other kidney-related traits, confirming that the model harbors susceptibility alleles for kidney injury and providing the basis for further genetic studies.
bred rat strains exhibit kidney disease spontaneously (33) or have been bred specifically for the study of cardiovascular and renal disease (4, 8, 19, 28) . Linkage analysis in these inbred models of kidney disease has proven useful in identifying large chromosomal regions associated with kidney injury including proteinuria and albuminuria (e.g., Refs. 10, 25, 31) . One disadvantage of these studies, however, is that the region identified often contains hundreds of genes, and subsequent studies can take years to narrow the region and identify a causative gene. To date, only few genes have been identified for renal injury with animal models (1, 27) . In contrast, the National Institutes of Health (NIH)-derived heterogeneous stock (HS) rat serves as a source of animals that produce a range of diverse phenotypes (13) as well as offering a unique genetic resource that enables the rapid fine-mapping of quantitative trait loci (QTLs) to small genomic regions (22, 35) . The HS colony represents a genetically random mosaic of eight founding animals, with each individual animal being genetically unique. At each generation of breeding there is the potential of new recombinations that could help reduce the size of a QTL. After 50 generations of breeding, it is the estimated that the average distance between recombination events is approximately 2 cM (22) , thus enabling the fine-mapping of QTL into subcentimorgan intervals. The success of this methodology has been demonstrated by Flint and colleagues (35) , who successfully fine-mapped 843 QTLs for over 100 phenotypes, using HS mice. Furthermore, we have recently used the HS rat colony to fine-map a diabetes locus to only 2.4 Mb (32a).
The HS rat stock was derived from eight inbred strains including ACI/N, BN/SsN, BUF/N, F344/N, M520/N, MR/N, WKY/N, and WN/N and are maintained with a breeding paradigm designed to minimize inbreeding (13) . Some of these strains have been evaluated for renal traits. In particular, two strains (M520 and ACI) exhibit renal lesions (33) , and one strain (BUF/N) exhibits proteinuria and focal and segmental glomerulosclerosis (24) . In addition, 5-15% of ACI rats exhibit unilateral renal agenesis (URA) (7, 32) . Together, these findings provide evidence a priori that alleles associated with renal injury should segregate within the HS colony because of genetic contribution from M520, BUF, and ACI genomes (and perhaps the interaction between susceptibility alleles donated between these strains). However, the HS colony has not been systematically studied for renal and/or cardiovascular traits.
Our objective here was to investigate the utility of HS rats for potential in fine-mapping of traits involved in kidneyrelated phenotypes. An evaluation (weeks 8 -40) of proteinuria, along with several other renal traits, was performed in a panel of HS rats at 8, 16, 24, 32, and 40 wk of age. Urinalysis was performed at all time points to measure multiple parame-ters including hematuria, glucosuria, electrolyte excretion, and pH. Measures of renal function including serum creatinine, blood urea nitrogen (BUN), and creatinine clearance (CrCl) were also evaluated. In summary, we demonstrate that HS rats exhibit variation in multiple renal phenotypes and therefore will serve as an excellent model for rapidly fine-mapping genetic loci (to Ͻ5 Mb) controlling renal phenotypes.
MATERIALS AND METHODS

Animals
All experiments were approved by our Institutional Animal Care and Use Committee. Heterogeneous stock breeding pairs (25 pairs) were obtained from Dr. Eva Redei's colony at Northwestern University. In 2003, Dr. Redei obtained her colony from Dr. Carl Hansen at NIH. At the time we received the animals, the HS stock had been through 55 generations of breeding (50 at NIH and 5 at Northwestern University). The numbers of breeding pairs were increased to 46 at the Medical College of Wisconsin (MCW) and have been maintained with a rotational breeding strategy to minimize inbreeding (13) . The official designation of these animals is NMcwi:HS, but they are referred to here as HS.
At 21 days of age, a group of 41 age-matched male HS progeny from the third generation of breeders set up at MCW were weaned to a standard rat chow diet (Purina 5010). The 41 animals came from 14 individual breeder pairs, representing an average family size of ϳ3 rats. As a means of assessing phenotypic variability in HS animals, male Sprague-Dawley (SD; n ϭ 15) rats were also evaluated. SD rats were purchased from Taconic and raised on the same diet. All HS animals were studied for several renal and cardiovascular traits from 8 to 40 wk of age. SD rats were studied only at week 40. Rats were killed by overdose of pentobarbital sodium. Body, heart, and kidney weights were measured. Kidney samples were processed for histological examination, and serum samples were obtained from cardiac puncture to measure blood parameters.
Phenotyping
Urine and blood parameters. To collect urine, animals were kept in metabolism cages (Lab Products, Seaford, DE) for 24 h with free access to water at each time point: weeks 8, 12, 16, 20, 24, 32 , and 40 (see Fig. 1A ). A single urine collection was made at week 8. Subsequently, urine was collected twice for each rat at each time point to ensure accurate measurement of urine parameters, and the averages of the two measurements are given. For proteinuria, there was a significant correlation between the first and second measurements ranging from r ϭ 0.84 to r ϭ 0.98 (P Ͻ 0.0001). Total urine protein was determined as previously described (10, 11) . No significant correlation was observed between proteinuria and body weight. Thus it was not necessary to normalize total urine protein for differences in body weight, and it is reported as milligrams per 24 hours. Quantitative measurement of creatinine, BUN, electrolytes (Na ϩ , K ϩ ), and osmolality was determined by standard methods with an Alfa Wassermann ACE automated chemistry analyzer (and osmometer). Semiquantitative determination of blood (hematuria), glucose (glucosuria), ketone, leukocyte, nitrite, and pH was done with Chemstrip7 urine test strips (Roche).
Glucose tolerance test. We administered an intraperitoneal glucose tolerance test to a subset of 10 HS animals at week 40. Briefly, animals were food deprived for 16 -18 h overnight. In the morning, a basal glucose sample was measured. We then injected the animals with 1 g/kg body wt of a glucose solution. Blood glucose levels were then measured at 15, 30, 60, 90, and 120 min after the injection. Blood glucose levels were measured with the Ascensia Elite system (Bayer, Elkhart, IN) as previously described (32a).
Histology. Kidney and heart tissue was fixed in zinc formalin and embedded in paraffin, cut into 4-m sections, and stained with hematoxylin and eosin (H & E) and Masson's trichrome. Two or three central longitudinal sections from each kidney or transverse sections from each heart were examined in a blinded fashion. Kidney sections were evaluated in two stages. Initially, all 41 HS kidneys were evaluated microscopically for the presence of glomerular and/or tubulointerstitial injury (stage 1). A semiquantitative score was assigned by visual inspection of whole sections (10) . Animals that Horizontal line represents the threshold for "proteinuria" (Ͼ20 mg/24 h) (10) . Except for week 8, urine was collected twice at each time point, and the average is presented. Animals denoted by an H exhibited persistent hematuria (50 -250 erythrocytes/l) defined by Ն3 positive dipstick urine samples (i.e., weeks 24, 32, and 40) . Animals denoted by a G exhibited persistent glucosuria also defined by Ն3 positive dipstick urine samples ranging from 50 to 100 mg/dl. U denotes the animal that exhibited unilateral renal agenesis (URA; observed on euthanasia). Line arrows (bottom) indicate HS rats from the same parents. exhibited a score above 0 (i.e., normal) were then evaluated more systematically (stage 2) by image capture as follows. For glomeruli, a minimum of 20 randomly selected images (H & E at ϫ40) were taken from each rat and assessed for degree of glomerulosclerosis and mesangial expansion as previously described (11, 26) . Tubulointerstitial injury was evaluated separately on a semiquantitative scale from 0 (normal) to 4 (severe) with a minimum of 20 randomly selected images (Masson's trichrome at ϫ20) as follows: grade 0, no changes; grade 1, mild tubule atrophy/fibrosis involving Ͻ25%; grade 2, lesions affecting 25-50%; grade 3, lesions affecting 50 -75%; and grade 4, lesions affecting Ͼ75%. Morphometric analysis was used to evaluate glomerular area (m 2 ) and vessel wall thickening and cellular proliferation. Vessel wall thickening (vessel media, m 2 ) was calculated by measuring the outer circumference of the vessel minus the inner circumference of the lumen (20 random images at ϫ40 per HS rat). The number of nuclei per vessel section was counted and is reported as the number of nuclei per 1,000 m 2 of vessel media. Images were captured with a Nikon 55i microscope with a DS-Fi1 5-Meg Color C digital camera (Nikon, Melville, NY) and analyzed with Nikon Elements image analysis software.
Ultrasound measurements. To identify rats with one kidney, in vivo measurement of kidney number and size was performed with a General Electric Vivid 7 ultrasound system. Rats were anesthetized with isoflurane gas (2-4%) and maintained on a warming table at 37°C. The abdomen was shaved, scanning gel was applied liberally, and ultrasound measurements were done.
Statistical Analysis
Box plots and statistical analysis were performed with SPSS (Chicago, IL). Kidney size determined by ultrasound was evaluated by independent t-test. Data are presented as means Ϯ SD for Table 1 and means Ϯ SE for data reported in Fig. 6 .
RESULTS
The HS population as a whole exhibited a large degree of variation in urinary protein levels (Fig. 1B) . Despite variation in urinary protein between HS animals, the majority of individual HS rats examined showed little variation in urinary protein over the time course. Three (of 41) rats exhibited significant proteinuria, which increased gradually from week 8 through week 40 and ranged from 33.7 to 80.2 mg/24 h at week 40. Urinalysis was performed at all time points to measure multiple parameters including hematuria and glucosuria ( Fig.  1B and Table 1 ). Several rats (5/40) consistently exhibited hematuria (weeks 24, 32, and 40), which was confirmed by the presence of red blood cells upon microscopic evaluation. Microscopic examination of bladders from these rats demonstrated normal histology (data not shown). The rats that demonstrated hematuria for the most part were not the same rats that exhibited proteinuria. Only one HS rat demonstrated both hematuria and proteinuria (HS18). Several rats demonstrated persistent glucosuria indicated by a positive result at more than three time points (Fig. 1B) . These findings were supported by elevated blood glucose levels (defined as Ͼ200 mg/dl at 15 min after glucose injection) when the rats were subjected to a glucose tolerance test (data not shown). Figure 2 shows the variability of relevant renal and cardiovascular traits exhibited by HS rats and SD control rats at 40 wk of age. SD rats are genetically heterogeneous and exhibit greater phenotypic diversity compared with any given inbred rat. Thus SD rats provide a good comparison to evaluate the degree of variation attributable to the large amount of genetic diversity in the HS population. Overall, while SD rats were larger than age-matched HS rats (Table 1) , HS rats exhibited more phenotypic variation in most measured traits, as demonstrated by a larger interquartile range (Fig. 2) . More variation in kidney weight was exhibited in the HS rats compared with SD control rats ( Fig. 2 and Supplemental Fig. S1 ). 1 In contrast, there was less variation in heart weight across the HS panel and between strains (SD control). However, despite little variation in heart weight across the HS panel, a significant amount of cardiac fibrosis was observed compared with SD control rats (Supplemental Fig. S2) .
HS rats exhibited more variability in BUN levels and overall exhibited higher values compared with SD control rats (Fig. 2) . Similar variation in CrCl was observed between HS and SD rats, but HS rats exhibited lower CrCl in general. There was a large degree of variation in serum potassium, while serum sodium levels were nearly identical between HS and SD rats, as would be expected. Additional experimental parameters for HS and SD rats from week 8 to week 40 are shown in Table 1 . Modest to large variation was observed for water intake, urine output, sodium and potassium excretion, and urine pH. In 1 The online version of this manuscript contains supplemental material. general, rats that exhibited low (or high) values of a given trait maintained that level throughout the time course.
Histological evaluation of HS kidney sections demonstrated a range of renal injury, from normal to severe glomerulosclerosis and tubulointerstitial injury (Fig. 3) . Most HS rats exhibited little to no detectable renal injury (e.g., HS1). However, rats with elevated proteinuria and/or persistent hematuria exhibited measurable renal damage (HS3 and HS20). Proteinuria values and histological scores based on the entire data set (n ϭ 41) were significantly correlated (r ϭ 0.64, P Ͻ 0.0001), as were those HS rats (n ϭ 14) that exhibited an initial score above 0 and that underwent detailed histological evaluation (r ϭ 0.86, P Ͻ 0.0001) as shown in Fig. 4 . HS17 and HS18 exhibited the highest glomerular injury score (GIS) and despite HS29 demonstrating the most severe glomerulosclerosis (GIS ϭ 3), overall it exhibited a modest GIS (Fig. 4A) . The average GIS (n ϭ 160 glomeruli) for SD control rats was relatively low, but a number of glomeruli did exhibit some injury (2 GIS Ͼ1). The most severe tubulointerstitial injury (and highest proteinuria) was exhibited by HS29, which upon euthanasia was observed to have only one kidney (i.e., URA). The tubulointerstitial injury score (TIS) was severalfold higher than that of the majority of the other HS rats evaluated (Fig. 4B) . Similar variation was observed in glomerular size, but a high degree of variability in vessel media thickness and the number of nuclei (per 1,000 m 2 of vessel area) was observed in the HS rats, while a small amount of variation was found in SD rats (Fig. 5) .
The unique observation that HS29 exhibited URA prompted further investigation to establish whether this was a rare developmental occurrence or an inheritable genetic trait within the HS population. The parents of HS29 were available, and additional breeding was performed. The litter resulted in nine offspring (6 female/3 male), and upon ultrasound investigation five rats (4 female/1 male) exhibited a single kidney. "Onekidney" rats had significantly larger kidney size (2.2 Ϯ 0.13 cm) compared with "two-kidney" littermates (1.8 Ϯ 0.08 cm) (Fig. 6) . Further work will be required to develop this model and better characterize the genetic defect.
DISCUSSION
The purpose of this study was to evaluate phenotypic variation in renal traits within the HS population and establish whether the animal model would be conducive for future genetic studies. This study clearly demonstrates that there is large variation in baseline levels of proteinuria (and other renal measures) in the HS rat. That is, individual rats exhibit little change in urinary protein levels over time, but the HS population as a whole exhibits a wide range of urinary protein values. Three rats (HS3, HS18, and HS29) exhibited high proteinuria and concurrent renal injury. These data suggest that the HS population will be valuable for understanding both the genetic factors that contribute to baseline variation in proteinuria and those that play a role in renal injury and disease progression. Several rats consistently exhibited hematuria, and for the most part these rats were not the same rats that exhibited proteinuria, indicating that susceptibility to different types of kidney injury are likely segregating within the HS population. The HS animals also exhibited more variation in BUN levels, serum K ϩ , kidney weight, vessel wall thickness and cellularity, and cardiac fibrosis compared with age-matched SD rats. Together, these results indicate that HS rats will be useful for dissecting the genetics of several kidney-related phenotypes.
The most striking renal phenotype observed was an HS rat (HS29) that exhibited URA. URA is a common developmental defect in humans and occurs in 1 in 500 -1,000 births (3, 36, 38) . It is often asymptomatic, but affected patients can exhibit a decline in renal function (38) . The genetic basis is not well defined in humans, but there are a number of animal models with known defects in developmental genes that contribute to URA (29) . Rats exhibiting URA had a significantly larger kidney compared with two-kidney HS littermates. In humans, renal hypertrophy of the sole kidney is observed prenatally and in children exhibiting URA (15) . HS29 demonstrated the highest proteinuria and most severe tubulointerstitial injury of all the HS rats. It is not clear whether the severe renal injury in HS29 is due solely to URA or in combination with other renal susceptibility genes that the animal may also have inherited. This will need to be studied further. There are, however, a number of humanbased studies demonstrating that patients with URA are at increased risk of hypertension, proteinuria, and renal failure as adults (reviewed in Ref. 14) . Unfortunately, the prognosis for patients with URA is somewhat controversial because of limited long-term follow-up data.
From a genetic standpoint, while URA was observed in only one animal in the HS panel we studied, the trait was confirmed to be heritable by additional breeding and ranged from 40% to 60% in subsequent litters (data not shown). Past studies have shown that the ACI rat, a founder of the HS colony, also exhibits URA (32) . However, the HS line exhibits a much higher incidence of URA compared with the ACI rat. It is not known whether the genetic defect leading to URA is the same in the HS line and ACI, but if the locus responsible is the same then the high penetrance may be explained by a more susceptible genetic background in the HS line compared with the ACI rat. Further breeding and genetic studies will be required to better characterize this new model and identify the gene defect leading to URA.
In general, inbred rat models of kidney disease including the Dahl S, FHH, SBH, and MWF have served an important role in genetic mapping studies (5, 10, 31, 39) . Linkage analysis has been particularly fruitful in identifying numerous chromosomal regions linked to proteinuria (and other measures of renal function) (12) . Some genetic studies have been performed in the BUF and ACI strains, two strains used to derive the HS. For example, linkage analysis has identified a locus on rat chromosome 13 linked to proteinuria in the BUF (23) and rat chromosome 14 to URA in the ACI (32) . The genes underlying these loci have yet to be definitively identified, but a recent report suggests that mutations in actin-related protein 3 (Arp3) may be causally linked to proteinuria in the BUF rat (2) . Overall, the identification of the actual variants leading to proteinuria and/or renal injury has been limited because of the inherent difficulties of the conventional linkage analysis approach.
The HS model provides an alternative methodology to identify genes involved in kidney disease. The advantage of the HS for genetic analysis is that it allows for the identification of genomic regions linked to disease traits with higher resolution compared with the relatively broad localization of the QTL by were bred, and offspring (n ϭ 9) underwent evaluation by ultrasound at 8 wk of age. Four rats were observed to have both kidneys, and 5 rats were observed to possess only a single kidney. conventional linkage approaches (22) . This is accomplished by the large number of recombination events accumulated within the HS stock and enables the fine-mapping of QTL into small genomic interval (22) . While the large number of animals required for fine-mapping most traits (Ͼ500 animals) precludes any mapping analysis from the present study, this approach has been validated in HS mice by successful finemapping of Ͼ100 different phenotypes to an average of only 2.8 Mb (35) . To date, only two studies have used the HS rat model for fine-mapping. Our group has mapped a locus for glucose tolerance (32a), and Johannesson et al. (16) have mapped a locus for fear-related behavior. Importantly, while Johannesson et al. (16) measured multiple phenotypes for subsequent fine-mapping in the HS rat, the present work is the first to measure kidney-related traits in this resource.
One perceived limitation of using the HS model may be that the degree of renal injury is much less severe than what is observed in "disease" models. However, we have successfully fine-mapped a diabetic locus, using impaired glucose tolerance as the phenotype. None of the HS rats exhibited overt diabetes, but the population as a whole did exhibit significant variation in glucose tolerance (32a). In the case of renal phenotypes, we believe the model could be very useful in elucidating genetic factors that play a different role in disease onset and progression because the HS population exhibits variation in baseline levels of urinary protein levels as well as significant proteinuria and renal injury within the population.
In this study renal phenotypes were not measured in the eight inbred strains that were used to derive the HS. We reasoned that if significant variation is seen within the HS population, future genetic studies would be feasible, independent of the original founder phenotypes. Furthermore, in other work by our group, we have observed that variation for several metabolic phenotypes is more extreme in the HS rats than the variation found within any one inbred founder strain (unpublished observation). We did conduct measurements in SD rats with the aim of being able to make some conclusion regarding the degree of variation in the HS population. By comparing HS rats with SD rats we were able to assess the degree of phenotypic variation that exists in the HS population because SD rats are genetically heterogeneous and exhibit greater phenotypic diversity than would be expected in any given inbred rat. Blood pressure was not measured in our study; thus no firm conclusion regarding the possible interplay of blood pressure and renal injury can be addressed at this point. However, blood pressure has been evaluated in HS rats by another group (16) . The study found that blood pressure overall for the HS population (n ϭ 220 HS rats) was within the normal range (systolic BP Ͻ130 mmHg) and lower than that in most of the inbred strains (used to derived the HS) examined. In summary, the degree of phenotypic variation observed in the HS model firmly supports the utility of this resource for future genetic studies.
To date, the genetic methodology employed with the HS rat model has not been applied to study kidney-related traits. Our study now establishes that the HS model harbors significant variation in renal traits that will make the model useful for genetic studies and fine-mapping important traits related to kidney disease.
